Complementary DNA cloning of the 130-kD pemphigus vulgaris (PV) autoantigen (PVA) has indicated that it is a member of the cadherin family of Ca2-dependent cell adhesion molecules. By homology with typical cadherins, PVA has five extracellular domains (EC1 through EC5). To localize immunogenic domains and to determine whether antibodies against them might be pathogenic, we produced,8-galactosidase fusion proteins with cDNA encoding different portions of the extracellular domains of PVA (ECi-2, EC3-5, and each individual domain). Immunoblot analysis of these fusion proteins with 23 PV patients' sera demonstrated that major immunogenic regions of PVA are located on the EC1, EC2, and EC4 domains. IgG was affinity-purified from PV sera on fusion proteins representing the amino (EC1-2) and carboxy (EC3-5) terminus of the extracellular PVA, and injected into neonatal mice. PV IgG affinity-purified on the EC1-2 fusion protein caused suprabasilar acantholysis, the typical histological finding of PV, but IgG affinity-purified on the EC3-5 fusion protein or,6-galactosidase alone did not. These results indicate that at least one pathogenic epitope, which is sufficient to cause suprabasilar acantholysis in neonatal mice, is located on the amino-terminal region of PVA, an area thought to be important in cadherin homophilic adhesion. (J. Clin. Invest. 1992. 90:919-926.)
Introduction
Pemphigus vulgaris (PV)' is a life-threatening autoimmune blistering disease of skin and mucous membranes. Autoantibodies from patients with PV bind the keratinocyte cell surface and cause loss of cell adhesion with resultant blister formation (1) . PV antigen (PVA), which is defined by autoantibodies from these patients, has been characterized by immunoprecipitation and immunoblotting as a 130-kD glycoprotein (2) (3) (4) (5) . Recently, by immunoscreening with affinity-purified PV IgG, we have isolated cDNA clones encoding PVA from an expres-sion library reflecting mRNA sequences from normal human keratinocytes (6) . The deduced amino acid sequence of PVA was unique, but showed marked homology with members of the cadherin family of Ca2l-dependent cell adhesion molecules.
Cadherins mediate homophilic binding and are thought to be important in establishing and maintaining epithelial and neural tissue integrity (7, 8) . The originally described cadherins include E-cadherin (also called uvomorulin) (9, 10) , Ncadherin ( 1-13), P-cadherin ( 14, 15) , and liver cell adhesion molecule (16) , which are all linked to the actin filament network and can be found in the cell-cell adherens-type junction ( 17) . More recently described members ofthe cadherin superfamily include desmoglein I (DGI) (18) (19) (20) (21) and desmocollins I and II (22, 23) , glycoproteins of the desmosome type of cell adhesion junction which is linked to intermediate filaments (17) .
PVA is similar in overall structure to these other cadherins (6) . Like other cadherins, PVA has five extracellular domains of approximately equal size, termed EC 1 (amino terminus) through EC5 (carboxy terminus of the extracellular portion), which, except for EC5, have homology with each other. As for typical cadherins, in PVA the homology is greatest among EC1, EC2, and EC3. The homology of the ECl through EC4 domains of PVA to each corresponding domain of the originally described cadherins is -50%. However, for PVA domains EC 1, EC2, and EC3, the homology to the corresponding domains in DGI, -75-80%, is much greater than to the corresponding domains in the original cadherins.
Studies using chimeric cadherin molecules between E-and P-cadherin, amino acid substitutions by site-directed mutagenesis, and epitope mapping of monoclonal antibodies that inhibit homophilic binding, have shown that the 113 amino-terminal residues (ECI and part of the EC2 domain) are important for determining binding function and specificity of binding (24) . The highly conserved amino acid sequence histidine-alanine-valine (H-A-V) of typical cadherins (7) , which is present in ECl and thought to be the center of homophilic binding (25) , is represented in PVA and DGI by the conservatively substituted sequence arginine-alanine-leucine (R-A-L) (6, 18) . Furthermore, the homology of PVA with cadherins in these amino-terminal domains is the same across species lines, suggesting that, inasmuch as these areas have been evolutionarily conserved, they are functionally important. These observations suggest that the amino-terminal domains of PVA, like those ofthe original cadherins, might be important for the binding function of PVA, and thereby contribute to the structural integrity of the epidermis. Therefore, in this study, we wanted to determine whether (a) the amino terminus ofPVA is immunogenic in PV patients and (b) autoantibodies against this portion ofthe molecule can induce the loss of cell adhesion in a neonatal mouse model of disease.
Methods
Human sera. Sera from patients with clinically and histologically typical PV showed characteristic cell surface immunofluorescence on monkey esophagus and immunoprecipitated or immunoblotted the 130-kD PVA (1, 5) . PV sera 1238 and 1491 were obtained by plasmapheresis. Disease control sera were obtained from patients with clinically and histologically typical pemphigus foliaceus (PF). PF is an autoimmune blistering disease of epidermis, in which autoantibodies bind DGI (26) (27) (28) . These PF control sera showed characteristic immunofluorescence findings. Normal human sera were also used as controls.
Immunofluorescence. Indirect immunofluorescence with PV sera, affinity-purified PV IgG, or sera from neonatal mice was performed on monkey esophagus, normal human epidermis or neonatal mouse epidermis as previously described (29) .
Production ofPVAfusion proteins. Seven fusion proteins (FPs) that represent different portions ofthe extracellular domains of PVA (ECl-2 FP, EC3-5 FP, EC I FP, EC2 FP, EC3 FP, EC4 FP, and EC5 FP) were produced ( Fig. 1 ). EC3-5 FP was referred to as MJ3 15 FP in a previous paper (6) . To obtain the other FPs, we used a full-length (for the coding region) form of PVA cDNA as a substrate for polymerase chain reaction (PCR) amplification. To obtain full-length PV cDNA, the extended clones of PVA cDNA, E12 and E33 (6) , were cut out from plasmids by double digestion with XhoI and XbaI, and XbaI and NotI, respectively. The digested E12 and E33 were ligated at their common XbaI site and subcloned into pBluescript (Strategene, La Jolla, CA), at XhoI and NotI sites, to yield pBlue-PV which contained the full-length form of PVA cDNA. cDNA inserts representing each domain were excised from pBlue-PV by PCR amplification with primers that contained the appropriate restriction sites for directional, and in frame, subcloning to the pUEX 1 expression plasmid vector (Amersham Corp., Arlington Heights, IL) ( Table I) . pUEX I produces an FP with cro-f,-galactosidase (#-Gal). The sequences around the cloning sites were confirmed by DNA sequencing.
Transformants of these expression vectors were grown at 30°C in Luria-Bertani medium; then the expression of FPs was induced by transferring the host cells to 42°C for 2 h. Host cell pellets were then suspended in water and stored at -70°C until use.
The correct size FPs were produced by each pUEX 1 subclone, as confirmed by immunoblotting with anti-3-galactosidase antibodies (Tago, Inc., Burlingame, CA) and PV sera.
Immunoblotting. E. coli suspensions or proteins from cultured normal human epidermal keratinocytes (NHEK) were extracted with SDS sample buffer with reduction, separated by SDS-PAGE, and transferred to nitrocellulose membranes (5, 6, 30 RAL indicates the portion of the arginine-alanine-leucine sequence, which is the same region as, and homologous to, the conserved histidine-alanine-valine sequence of the originally described cadherins. These sequences are hypothesized to be important in cell adhesion. T and IP, transmembrane portion and intracytoplasmic regions, respectively. Affinity purification of PV IgG. The E. coli suspension obtained after induction of FP synthesis was incubated with '/9 vol of 0.5 M Tris-HCl, pH 7.5, 1.5 M NaCl and l/2o vol of 10 mg/ml lysozyme at 37°C for 15 min, sonicated for 20 s on ice, and then centrifuged for 10 min at 2,400 g. The precipitated FP was partially purified by washing sequentially with 0.5% Triton X-100 in 150 mM NaCl, 10 mM EDTA, 10 mM Tris-HCI, pH 7.5, then with 2 M urea in 100 mM Tris-HCl, pH 8. The remaining precipitated FP was dissolved in 8 M urea, 100 mM Hepes, pH 7.3 and dialyzed against 50 mM Hepes, pH 7.3 overnight.
Approximately 5 mg of purified FP was coupled to 3-5 ml of washed Affi-Gel 10 beads (Bio-Rad Laboratories, Richmond, CA) in 50 mM Hepes, pH 7.3, by mixing overnight at 4°C. The gel slurries were loaded into mini-columns (Bio-Rad Laboratories) and washed sequentially with several column volumes of 50 mM Hepes, pH 7.3, followed by Tris-buffered saline (TBS): 150 mM NaCl, 10 mM Tris-HCI, pH 7.5. The coupling of FPs to Affi-Gel 10 was confirmed by the disappearance on SDS-PAGE of the FP bands. 10-50 ml of PV sera diluted three times with TBS was run over each column with continuous recirculation for 12-48 h. Sera that passed through the column were collected as the pass-through fraction. The columns were washed extensively with TBS to remove unbound components. Bound antibodies were eluted from columns with 50 mM glycine, 500 mM NaCl, pH 2.3, immediately neutralized with '/5 vol of 2 M Tris-HCI pH 7.5, and dialyzed against PBS pH 7.4, at 40 overnight. The quality of eluted affinity-purified antibodies, as well as sera depleted of FP reactivity, were checked by indirect immunofluorescence (IF) and immunoblotting against NHEK extracts. Finally, eluted antibodies were concentrated down from -15 ml to 150-300 gl with microconcentrators (Centricon 30, Amicon, Beverly, MA) to inject into neonatal mice. From the pass-through fraction ofPV sera, IgG was prepared by precipitation with 40% ammonium sulfate, dialyzed against PBS, and concentrated to -100 mg/ml.
Neonatal mouse model of PV. Concentrated antibodies from the affinity-purified or pass-through fractions from PV sera were injected subcutaneously into neonatal BALB/c mice (< 24 h of age) through a 30-gauge needle as described previously (31, 32) . Neonates were examined and biopsied 18 h after injection. Serum was obtained from mice at this time and assayed for human PV antibodies by indirect IF. Skin was studied by light microscopy for evaluation of histological changes 920 Amagai et al. 
Results
Major immunogenic regions of PVA are on extracellular domains ECI, EC2, and EC4. To determine the immunogenicity of the extracellular domains of PVA, we produced seven /3-Gal FPs that represent different regions of the extracellular domains of PVA ( Fig. 1 and Table I ). EC 1-2 FP and EC3-5 FP represent amino-and carboxy-terminal portions, respectively, of extracellular PVA. FPs representing each extracellular domain, ECI-EC5, were also produced. These FPs, as well as extracts of NHEK cells cultured in high Ca2+ to induce increased PVA synthesis (6), were subjected to immunoblot analysis with 23 PV sera, 15 PF sera, and 5 normal sera. To exclude the possibility that some of these sera had antibodies against ,3-Gal core protein, which would give pseudopositivity, ,B-Gal, produced by the pUEX 1 expression vector without an insert, was always applied to gels with these FPs. None of the sera we tested reacted strongly with /-Gal by immunoblot. The position of the FPs and /3-Gal on these immunoblots was confirmed by staining with rabbit anti-/-Gal antibodies. Table II summarizes the results of immunoblot analysis and Fig. 2 shows representative immunoblots. 12 of 23 PV sera reacted with EC1-2 FP, and out of these 12 sera 11 and 10 sera recognized EC 1 FP and EC2 FP, respectively. EC2 FP was also recognized by one additional PV sera that did not bind to ECl-2. EC3-5 FP was bound by 6 PV sera out of the 23, and 5 of these 6 sera also bound to the EC4 FP. The EC4 FP was recognized by an additional three sera which did not bind to the EC3-5 FP. The EC3 FP and EC5 FP were recognized by only one serum each. All sera that recognized any of these FPs also bound the 130-kD PVA from extracts of NHEK. Moreover, four sera that bound the 1 30-kD PVA from NHEK extracts did not recognize any of these FPs. Two sera did not bind the PVA from NHEK extract and did not recognize any of these FPs. None of 15 PF sera nor 5 normal control sera recognized any of these FPs.
These results indicate that major immunogenic regions of PVA are on the EC 1, EC2, and EC4 domains, as determined by this type of immunoblot assay.
Affinity purification of PV IgG. Because the amino-terminus of cadherins is thought to be important for homophilic binding interactions, we attempted to determine whether PV antibodies directed against this region, as opposed to the carboxy-terminus of the extracellular PVA, are pathogenic. PV IgG was affinity-purified on EC 1-2 and EC3-5 FP columns from two PV sera ( 1238 and 1491 ). These PV sera were chosen because we had large quantities obtained by plasmapheresis. A /3-Gal affinity column was used as a control to eliminate the possibility of nonspecific binding of PV IgG to these affinity columns. Affinity-purified IgG from 10-50 ml of PV sera was examined by indirect IF and immunoblotting. Antibodies af- finity-purified on both EC1-2 and EC3-5 FPs stained the cell surface of monkey esophagus, normal human epidermis, and neonatal mouse skin in the same pattern as do PV sera, but with much less background (Fig. 3, B-G) . The titers ofconcentrated IgG affinity-purified on EC 1-2 and EC3-5 FPs were both -640 on normal human skin, 320 on monkey esophagus, and 320 on neonatal mouse skin. Both of these affinity-purified IgGs recognized the 130-kD PVA on immunoblot (Fig. 4,  lanes 7 and 8) . IgG that nonspecifically bound f-Gal did not show any reactivity to the keratinocyte cell surface by immunofluorescence (Fig. 3 A) nor the 1 30-kD PVA by immunoblot (Fig. 4, lane 9) . IgG affinity-purified on EC3-5 FP from PV serum 1238 recognized EC3-5 FP (Fig. 4, lane 2) , but IgG affinity-purified on EC 1-2 FP or fl-Gal did not (Fig. 4, lanes I  and 3) , indicating the specificity ofthese affinity-purified IgGs.
The pass-through IgG from the EC3-5 FP column, but not from the EC 1-2 FP or f-Gal column, showed depletion of the reactivity against the EC3-5 FP (Fig. 4, lanes 4-6) . The passthrough IgG from the ECl -2 and EC3-5 FP columns had diminished reactivity against the 1 30-kD PVA on immunoblot, compared with the pass-through IgG from the fl-Gal column (Fig. 4, lanes 10-12) .
These high-titer, affinity-purified IgGs provided reagents to examine the pathogenicity of antibodies directed against the EC1-2 and EC3-5 regions of PVA.
PV IgG directed against the amino terminus ofthe PVA is pathogenic in neonatal mice. PV IgG affinity-purified on EC 1-2, EC3-5, and f-Gal FPs were injected subcutaneously into BALB/c neonatal mice which were examined 18 h after injection (Table III) . IgG affinity-purified on EC1-2 from both PV sera 1238 and 1491 caused suprabasilar acantholysis, the characteristic histological finding of PV (Fig. 5, A and B) . This suprabasilar acantholysis was observed in all the mice injected with IgG affinity-purified on EC1-2. In addition, the skin of these mice showed human IgG deposition on the cell surface of epidermis by direct IF (Fig. 5, B and C) , and the titer ofhuman PV IgG in the sera of these mice was 20-80, as determined by indirect IF on monkey esophagus. However, gross blister formation was not observed in any of these mice. In contrast to IgG affinity-purified on EC1-2, PV IgG affinity-purified on EC3-5 failed to induce acantholysis in any ofthe mice injected, even though the titers ofhuman PV IgG in these mice sera were equivalent to those of mice injected with IgG affinity-purified on EC 1-2 (Table III) . However, in spite of similar serum titers of PV IgG, direct IF in the skin of mice injected with IgG affinity-purified on EC3-5 was negative or weaker than that of mice injected with IgG affinity-purified on EC1-2 ( (Table III) .
These observations indicate that EC 1-2 contains at least one pathogenic epitope which is sufficient to cause suprabasilar acantholysis in neonatal mice and provide the first direct evidence that the same antibodies that bind PVA are pathogenic in PV.
To determine whether the epitope( s) that we identified on ECI-2 is (are) the only pathogenic epitope(s) on PVA, we injected neonatal mice with IgG from PV sera that were depleted of EC 1-2 FP reactivity by passing them over an EC 1-2 FP column. The pass-through IgG from this EC 1-2 FP column did not bind EC 1-2 FP on a second column, as shown by negative indirect IF ofthe eluted IgG from this second column. This EC 1-2 pass-through IgG, depleted of EC 1-2 FP reactivity, was able to induce not only histological suprabasilar acantholysis, but also gross blisters, in these mice. This observation indicates that the EC1-2 FP column could only absorb out a small portion of the pathogenic antibodies from PV sera and that PVA has other pathogenic epitope(s), which, most likely, are conformational epitopes that were not generated by this bacterial FP system.
Discussion
In this study, we aimed to determine whether some regions of PVA are more immunogenic than others and to study the pathogenicity of PV antibodies against specific domains. The homology of PVA with cadherins led us to hypothesize that the amino terminus of the extracellular PVA might be important for keratinocyte cell-cell adhesion. We further hypothesized that patients' autoantibodies against PVA might directly interfere with this binding region and cause loss of cell adhesion and resultant blister formation. Therefore, we first determined whether PV IgG showed preferential binding to the amino terminal region of PVA, and then determined whether antibodies 922 Amagai et al. PVA on the amino-terminal EC 1 and EC2 domains. However, some PV sera contained antibodies that bound the more carboxy-terminal extracellular domain (EC4).
To characterize potentially pathogenic domains of PVA, IgG was affinity-purified using EC1-2 and EC3-5 FP columns from two PV patients' sera (1238 and 1491). On immunoblots, serum 1238 recognized the EC3-5 FP but not the EC1-2 (Fig. 3 , B-G) and recognized the 130-kD PVA by immunoblot (Fig. 4,  lanes 7 and 8) . Control experiments showed that eluted IgG from fl-Gal affinity columns was negative by indirect IF (Fig. 3 A) and immunoblot (Fig. 4, lane 9) . These findings suggest that nondenatured FPs may also express some native epitopes which are destroyed on these FPs by the denaturing conditions of immunoblotting.
In the neonatal mouse model of PV, IgG affinity-purified on EC 1-2 could cause suprabasilar acantholysis in the epidermis, the characteristic histological finding of PV, but IgG affinity-purified on EC3-5, even though ofequivalent IF titer, could not. Therefore by homology with original cadherins, we speculate that antibodies against the amino-terminal domains of PVA might directly interfere with the binding domain of PVA and initiate suprabasilar acantholysis.
In neonatal mice injected with IgG affinity-purified on EC3-5, direct IF was weaker than that ofthe mice injected with IgG affinity-purified on EC 1-2. However the indirect IF titers of sera from the mice injected with EC3-5 IgG were equivalent to those of the mice injected with EC1-2 IgG, when tested on both monkey esophagus and neonatal mouse skin. These observations suggest that epitopes expressed on the EC3-5 FP are somewhat hidden or masked in vivo.
It is potentially significant that the IgG affinity-purified on EC 1-2 caused only microscopic blisters, but did not cause gross blisters. This finding was probably not due simply to low amounts ofinjected PV IgG because the indirect IF titer ofsera from mice injected with IgG affinity-purified on EC 1-2 was 20-80, which is high enough to cause gross blisters (31, 32) . Furthermore, in some experiments, the IgG affinity-purified on EC1-2 was prepared from as much as 50 ml of PV sera, concentrated down to 150 ,ul, and injected into one mouse. That antibodies against epitopes other than expressed on the EC 1-2 FP are pathogenic was shown by using PV IgG depleted of reactivity against the EC 1-2 FP. This IgG caused gross blisters in neonatal mice. We speculate that, although antibodies affinity-purified against the amino-terminal domain of PVA can clearly initiate blister formation, antibodies against additional epitopes might augment blister formation, perhaps through the induction of proteinase release (33) or complement activation (34, 35), which may be necessary to destroy additional adhesion molecules on keratinocytes.
The findings of this study provide the first direct evidence that the 1 30-kD PVA is a pathogenic autoantigen of PV and indicate that the autoantibodies against the amino-terminal cadherin-like binding domain of PVA are sufficient to initiate suprabasilar acantholysis. Identifying other pathogenic epitopes should help to further understand, not only the function of PVA as an adhesion molecule, but also the pathophysiology of this disease.
